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ABSTRACT

Although there is a considerable range of variation in anadromy between species of
the same genus, each of the four genera of North American Salmonidae occupies a
different position in degree of anadromy exhibited. Arranged in descending order of
degree of anadromy, the genera are Oncorhynchus, Salmo, Salvelinus, and Cristivomer.

There is a close correspondence between lethal stream temperatures for the young
of certain species and the anadromous habits of those species.
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ANADROMY IN NORTH AMERICAN SALMONIDAE
By GEORGE A. ROUNSEFELL, Fishery Research Biologist
.BUREAU OF COMMERCIAL FISHERIES

In discussing the anadromous pattern of the
salmonids, inevitably the question of landlocked
versus anadromous species or varieties arises.
Intelligent discussion of this question demands
that the terms be at least tentatively defined.
The word “landlocked” as it is and has been used
is, of course, a misnomer in the majority of cases;
only ravely is a population denied access to the
sea. Offhand I can recall only two specific cases.
One involves the ponds of Cape Cod, many of
which lack an outlet, the excess runoff draining
into the sandy soil; the other the rivers in Baja
California, which for most of the year disappear
into their stony watercourses. These rivers of
the Sierra Madre of Baja California are the home
of the famed San Pedro Martir trout, Salmo
gairdneri nelsoni.

Of course, many salmonids live above impass-
able falls. Such fish are not technically land-
locked insofar as access to the sea is concerned.
However, they are isolated in that any individuals
which migrate downstream can never return.
Such a situation is favorable to the development
of resident races of a species. The more-usual
situation is for so-called landlocked races or
species to occupy streams or lakes with access to
the sca frcely traversable in both directions.
Furthermore, in many cases both resident and
anadromous salmonids, even of the same specics,
may occupy the same waters for at least part of
the year.

The term “anadromous™ is likewise difficult to
define with a nice degree of exactitude. It is all
very well to say that it means “up-running,” but
before a fish can run up it must first establish
residence in the sca. In anadromy, one is coun-
fronted with a surprising divergence. The typical
life history of the anadromous salmons of the
genus Oncorhynchus—the five castern Pacific
salmons—includes from less than 1 year to 4

Nate.—Approved frr publication, March 17, 1957, Fishery Bulletin 131.

" should be included.

vears at sea, with the average probably a little
more than 2. The anadromous members of the
genus Salmo—salar, gairdneri, clarki, and trutta,
the Atlantic salmon, the steelhead rainbows and
cutthroats, and the European sea trout—likewise
usually spend about 2 years at sea before reaching
maturity.

There is another group of salmonids, the charrs,
in which certain stocks usually regarded as anad-
romous typically spend only a small portion of
each season in the sea. These include Salvelinus
malma, the Dolly Varden charr, and S. fontinalis,
the eastern brook trout, or more properly, charr,
the sea-run members of which are known locally
as sea trout or “salters.” Salvelinus alpinus, the
alpine, red lake, or arctic charr, while a fresh-
water resident in the southern part of its range,
also migrates to the sea in the Hudson Bay and
arctic regions. Dolly Varden charr of the Karluk
River on Kodiak Island, Alaska, were found to
spend less than 60 days a year in the sea.

A few species either cannot reproduce, or cannot
do so with sufficient success to maintain a natural
population, without residing for some time in a
marine environment. These species might well
be termed “‘obligatory anadromous.” This group
includes at least two of the Pacific salmons: the
pink, Oncorhynchus gorbuscha, and the chum, 0.
keta. The king salmon, 0. tshawytscha, perhaps
Chamberlain (1907) tells of
king salmon being raised generation after genera-
tion for 25 vears in fresh water at the Trocadero
Aquarium in Paris. T have identified as O.
tshawytscha a salmon fry collected by Dr. Herbert
Warfel in Newfound Lake, New Hampshire, from
natural spawning. Although there is little doubt
that under exceptionally favorable circumstances
king salmon can mature and reproduce wholly in
fresh water, there is serious question concerning
the chances of successful maintenance of a natural
population. Commencing as early as 1904 nu-
merous plants were made in many New Hampshire
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lakes, as well as in other New England lakes.
Hoover (1936) says, ‘‘they have never established
a self-sustaining population in fresh or salt water,
either in this state or elsewhere in New England.”
Therefore, I classify the king salmon as obligatory
anadromous.

The silver or coho salmon, 0. kisuich, has shown
little tendency to develop natural resident fresh-
water populations in North America. Jordan and
McGregor (1925) describe a landlocked salmon
from Japan, 0. ishikawee, which is assumed to be
a dwarf form of O. kisutch. In Montana (U. S.
Fish and Wildlife Service, 1951) success has been
claimed in holding and maturing silver salmon in
fresh water.

In Crater Lake, Oregon, voung silvers, 0.
kisuteh, were planted to furnish fresh-water
angling. Although there are no stream spawning
beds available and only steep talus slopes of
coarse rubble in the lake, both the silver salmon
and rainbow trout reproduced naturally in the
lake, according to Hasler and Farner (1942).
However, Wallis and Bond (1950) show rather
conclusively that although silvers were planted in
the lake it was the kokanee (0. nerka), the small
landlocked form of the sockeye salmon, that
actually reproduced. Kokanecs were not officially
planted in the lake but were introduced, possibly
by accidental mixing with silvers in rearing ponds.

Dwarfed, landlocked silvers are reported from
Becharof Lake in the Egegik River system of
Bristol Bay (personal communication from George
dJ. Eicher, Jr.).

In view of these occurrences in fresh water we
believe that . kisutch should not be classified as
obligatory anadromous.

The sockeve salmon, Q. nerka, is the only one
of the five Pacific salmons on this continent about

which there is no doubt that it can successfully

maintain populations wholly in fresh water.

To bring out the differences in degree of anadro-
my in the Salmonidae, one can compare the pink
salmon with the Jake charr, sometimes called the
togue or mackinaw. At the one extreme, the pink
salmon in some localitics spawn in the tidal flats
off the mouths of streams so that many pass their
entire lives without entering strictly fresh water.
At the other end of the scale, the lake charr so
rarely leave fresh water that the only instances
recorded (Ungava Bay and vicinity, Weed 1934)

are not established beyond a reasonable doubt.
However, Fred Cleaver (personal communication)
states that he has a photograph of a lake charr
caught in 1939 at the head of tidewater on the
Naknek River in Bristol Bay. These two bits
of evidence suggest that perhaps namaycush is a
rare visitor to the sea in the northern part of its
range.

Between these two extremes there are several
points at which one can draw a line, always bear-
ing in mind that the Salmonidae is an extremely
plastic group, so-that what we are saying may not
always apply to some small segment of a species.

As already noted, the charrs tend to spend only
short periods at sea, and furthermore, all the charrs
can develop normally without going to sea. In
Alaska there are many streams in which most of
the Dolly Varden charr go to sea, but at the same
time there are populations of stunted Dolly Var-
dens in many of these same streams living above
impassable falls. DeLacy and Morton (1943)
found in the Karluk drainage system during the
late spring that while the majority of the Dolly
Varden charr were making their annual pilgrimage
to the sea many could still be found in fresh water
in the streams tributary to Karluk Lake. Accord-
ing to Bigelow and Schroeder (1953) the eastern
charr, Salvelinus fontinalis, seek salt water in the
fall after the breeding season and remain there
over winter. Speaking specifically of the streams
on Cape Cod, they state that the sea trout go down
to salt water in November immediately after
spawning, to winter there. The charr begin to run
again in April, and all of them are in brackish or
fresh water by mid-May. The arctic charr, S.
alpinus, has a more northern range than either
malma or fontinalis, and its habits vary from theirs
accordingly; in the southern part of its range the
arctic charr tends to be a resident fish, occurring
especially in lakes at high altitudes. Even as far
north as the Karluk River it is a resident fish.
DeLacy and Morton state that only on rare occa-
sions is the arctic charr encountered in the river
below Karluk Lake, and specimens are seen in salt
water still less frequently.

In the Hudson Bay region, as in central Alaska,
the arctic charr occurs at low elevations. Sprules
(1952, pp. 11-12) found landlocked charr in a small
lake without an adequate outlet, but in general the
charr populations in the area visit the sea regularly.
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He states that—

The local inhabitants were questioned and were of one
accord in their accounts of the spawning habits of char.
They stated that quantities of char were netted along the
coast during the early summer but that the catch decreased
during August and only an occasional specimen was ob-
tained at later dates. The fish begin to move into the estu-
aries of the large rivers in late July and early August and
are congregated at the head of tide by late August. Evi-
dently some time is spent in this brackish water before the
fish ascend the rapids into the fresh-water system. The
ascent is made, in general, during a spring [high] tide or
during periods of heavy rainfall which swells the rivers.

The adult char leave the lakes as soon as the shore ice
disappears. Even before the ice breaks up on the open
lakes the char may be scen crowding along the flood waters
near the shore in the rivers. The Eskimos did not know
how long the young char remained in fresh water, but it is
probable that at least one year is spent there prior to their
first migration to the sea.

In the genus Salmo, which includes the Atlantic
salmon, the steelhead salmons (or trouts), and the
sea trout (L.och Leven trout), the seagoing habit is
firmly established; at the same time, all of these
species have forms that are resident in fresh water.
Furthermore, the presumably anadromous forms
of Salmo are all perfectly capable of maturing and
reproducing in fresh water. This is true even of
the anadromous form of Atlantic salmon, S. salar—
millions of sea-run young have been stocked in
fresh-water lakes, and they mature and grow as
well as the landlocked form.

The Atlantic salmon is probably the most truly
anadromous species of Salmo in that almost all of
the young normally make a definite downstream
migration. In the other species, many of the young
may elect to remain in fresh water, never becoming
anadromous. This is well exemplified by the plant-
ing in Maine of S. trutta. For years many plants
were made in the Orland River of so-called Scotch
sen trout, supposedly an anadromous form of S.
frufta sometimes called S. trutta trufta or S.
levenensis by taxonomists. This resulted in the
occasional return of & few sea-run fish but also in
the establishment of fresh-water angling for brown
trout. In other rivers, such as the Sheepscot, the
planting of brown trout, sometimes classified as S.
trufla fario, has resulted not only in fresh-water
angling, but in the return of quite a number of
fine sea trout. Similarly, on the Pacific coast there
are some resident fish in practically all steelhead
streams, regardless of whether the species is Salmo
gairdneri or S. clarksi.

The fresh-water forms of the anadromous
salmonids normally use a lake as a miniature sea,
ascending its tributaries to spawn. These ad-
fluvial (see Rounsefell and Everhart, 1953, p. 33)
species usually are smaller than their anadromous
counterparts on account of the more restricted
diet (Blair 1938), but otherwise their life histories
are very similar, even to the acquiring in many
lakes of the same overall silvery sheen character-
istic of salmons at sea. In refutation of this idea

. some have pointed out the habit of the landlocked

salmon Salmo salar sebago of often spawning in
lake outlets. However, it should be noted that
the anadromous salmons and trouts also spawn
below lake outlets. This is the usual practice of
the sockeye (Oncorhynchus nerka) below Chilko
Lake on the Chileotin tributary of the Fraser,
and it occurs below lakes in Alaska. The fry
upon emerging from the gravels of the spawning
redds must swim upstream to reach their nursery
lake. This is contrary to their actions in the lake
tributaries, and the factors that determine which
direction the fry will swim are not yet understood.

This upstream movement of great numbers of
newly emerged sockeye fry has been observed as a
massed living band moving upstream from the
lower Babine River spawning grounds into Nil-
kitkwa Lake and from the upper Babine River
spawning area into Babine Lake (Johnson 1956).

Since in some places the fry move downstream
and in others upstream, it is difficult to compre-
hend how their movement can be wholly directed
by any such physical factors as temperature or
current. It might be suggested that these newly
emerged fry, which must seck food immediately
or perish, will move upstream in the usual situa-
tion of lake-outlet spawning streams. These out-
let streams usually have a gentle current, and
just below the lake they would contain sufficient
plankton for the fry to commence feeding. Such
active movement in hours of light if directed up-
stream toward the oncoming plankton might
overcome any downstream drift during hours of
darkness, cspecially since the fry emerge at a
season when daylight hours substantially exceed
those of darkness.

Whether the dwarfed, fresh-water forms of the
hasic species of salmonids are the result of genetic
characteristics or of environment has heen at least
partially answered in the case of the sockeye.
There are in reality not two, but three, forms of
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sockeye, all of which may be present in the same
lake. One type is the anadromous form; the
second is the dwarfed, landlocked sockeye, called
variously kokanee, little redfish, or silver trout;
the third type, discovered first in Cultus Lake by
Ricker (1938), was termed by him ‘“‘residual.”
Presumably these residual sockeve are direct
descendants of anadromous parents. The resid-
ual sockeye differ from the kokanee in several
respects. They remain a dull olive gray at
maturity, whereas the kokanee show the bright-red
body and green head characteristic of the mature
anadromous form. In Cultus Lake, the kokanee
spawn early in August and September; the
residuals spawn from October to December, like
their anadromous progenitors. The residuals are
predominately male.

Ricker suggests in a further paper (1940) that
the kokanee populations have been derived from
anadromous fish in geologically recent times, the
residual sockeye representing a step in this
process. .

The question of whether the kokanece is a
separated species or merely a variant of the
anadromous form was answered by Foerster
(1947). He reared young kokanee and in the
spring .of 1934, when they were 3 to 4 inches in
length, he marked nearly 64,000 of them by
removing their pelvie fins. The fish were liberated
in Sweltzer Creek, the outlet of Cultus Lake,
below the counting fence so that they could not
swim into the lake, but would either have to
remain in the stream or descend toward the sea.

None of the marked kokanees were recaptured
in 1936 when they would have been in their fourth
year and were expected to return, as most of the
anadromous Cultus Lake sockeye mature in their
fourth year. 1In 1937, however, in their fifth year,

examination of 37 percent of the Fraser River -

commercial catch (756,000 out of 2,225,000 fish)
‘revealed 25 of the marked kokanees had returned
from the sea, and 17 more had returned to the
counting fence at Cultus Lake. These fish were
all fully grown and of a size comparable with that
of the usual 5-year-old Fraser River sockeye.
Further experiments on the kokanee were per-
formed as part of the Grand Coulee salmon reloca-
‘tion program on the Columbia River from 1939
to 1943.' In a personal communication Hanavan

! Mitchell ;. Hanavan and Leonard A. Fulton, U. 8. Fish and Wildlife
Rerviee, mannseript.

states that Lake Wenatchee, during those vears.
supported a large population of kokanees uni-
formly about 7 to 8 inches in length at maturity.
Their mature color was a dull olive green, though
rarely a red individual was observed on the
spawning grounds. None that might be classed
as residuals were observed.

In this study of Columbia River salmon, Hana-
van and Fulton performed three marking experi-
ments. In the first experiment, 22,000 Lake
Chelan fingerling kokanee were marked and
released in the Entiat River, resulting in one
adult recaptured in the commercial fishery in its
fifth year. In the second and third experiments,
Lake Wenatchee kokanee were used. The 29,000
marked fingerlings in the second experiment were
released in Icicle Creek, a lower tributary of the
Wenatchee River, resulting in 79 adults recovered:
3 in their third vear and 76 in their fourth. In
the third experiment, 60,000 young marked
kokanee were released in Lake Wenatchee, their
“home” lake. Of these, 302 were recovered as
sea-run adults: 3 in their third year, 287 in their
fourth, and 12 in their fifth.

Contrary to the Cultus Lake kokanee, the sea-
run adults from these experiments were smaller
than the normal sea-run stock at maturity.
Females averaged 2.4 to 2.7 pounds compared
with 3.1 pounds, and males averaged 2.6 to 2.8
pounds compared with 3.4 pounds for marked sea-
run stock.

These experiments indicate that the kokanee
sockeye have retained the ability to live a marine
existence and find their way back to their natal
stream. Surprisingly enough, their size at matu-
rity was only slightly less than that of the normal
sca-run stocks. Although the difference in size
may be genetic, the chief genetic difference
between the two forms would séem to lic in the
propensity toward anadromy.

Therc appears, thus, to be some tendency toward
lacustrine existence in all anadromous populations
and some tendency toward anadromy in all lacus-
trine salmonids. The presence of adfluvial popula-
tions in the headwater lakes of river systems may
well be of great advantage to a species by furnish-
ing sufficient scaward migrants to reestablish
anadromous populations after streams have been
obstructed for a considerable period.

Returns from seaward migrants of the abundant
kokanec populations would appear to be the only
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logical source for the large number of adult sea-
run sockeye that have attempted at various times
to ascend the impassable falls below Lake Chelan
or the high dam on the Similkameen River in
western Washington. Chapman (1941), who ob-
served these migrations in 1937 and 1938, writes
that young, downstream sockeye migrants were
reported in an irrigation diversion that takes off
from the dam in the Similkameen River. The
only source of such migrants is the kokanee popu-
lation in Lake Palmer, above the dam.

In Maine, occasional Atlantic salmon are found
attempting to pass dams that have been impassa-
ble barriers for many years. Their source has been
disputed, many believing them to be merely strays;
however, it is the writer's belief that at least the
larger share of such strays are progeny of salmon
residing in the lakes upstream from the dam. The
fact that for many years young Atlantic salmon of
anadromous parentage were stocked in most of the
Maine lakes alrcady populated by landlocked
salmon may have even intensified the tendency
for a small percentage of the young to descend
to the sea.

DEGREES OF ANADROMY

Before we can measure the degree to which
these different salmonid species are anadromous,
we must first establish some criteria. The follow-
ing six criteria have been used in this analysis:

1. Extent of migrations in the sea.

Duration of stay in the sea.
State of maturity attained at sea.
Spawning habits and habitat.

5. Mortality after spawning.

6. Occurrence of fresh-water forms.

Each criterion has been subdivided into as many
categories as appears feasible from our present
knowledge. The category signifying the most
anadromous condition has been given a weight of
10, the least. significant a weight of 0, and the cate-
gories between the two have been assigned
weights which are, of course, subjective. Al-
though this method can be ecriticized on the
grounds of not being truly quantitative, it does
yicld a rather satisfactory basis of classification.
Perhaps its chief fault lies in the inability to deter-
mine the relative merits of each of the six criteria.

The criteria, the categories (with assigned
weights in parentheses) arranged in the order of

- O]

decreasing anadromy, and the species assigned
to each category are as follows:

Criterion 1.—Extent of migrations in the sea.

Category @ (10).—Migrate several hundred
miles from their home streams and large num-
bers occur very far offshore. Oncorhynchus
keta, O. nerka, 0. gorbuscha.

The occurrence of these species in abundance
far offshore was demonstrated by Barnaby (1952)
and Fukuhara (1953, 1955).

Category b (8).—Migrate long distances, but
are not abundant far offshore. Oncorhynchus
tshawytscha, O. kisutch; Salmo salar.

It may be noted that these three species are
more piscivorous than the preceding species,
which may somewhat affect their remaining closer
inshore where more of the smaller pelaglc fishes
would be encountered.

Category ¢ (6).—Migrations chiefly coastwise,
somewhat less extensive than in the preceding -
categories. Salmo gairdneri.

The rainbow steelhead is occasionally taken at
sea (Fukuhara 1955, Snyder 1921), and they are
often captured in salmon traps, even along t;he
outer coast.

Category d (4).—Migrations coastwise, chiefly
estuarine and usually short. Salmo trutta;
Salvelinus alpinus, S. malma.

"See Grainger (1953), Sprules (1952), and many
authors not cited concerning §. trutte in Europe.

Category e (2).—Migrations in sea very short.
Salmo clarki; Salvelinus fontinalis.

Neave (1949, p. 21) says of S. clarki in the
Cowichan River on Vancouver Island, that “In
the neighbourhood of the river mouth the cut-
throats lead a characteristic estuarine existence
moving in and out with the tide. Up-river
migrations occur in autumn and spring . "

In southeastern Alaska, the salmon tmps take
many rainbow steelheads, Salmo gairdneri, and
often take Dolly Varden charr, Salvelinus malma,
but cutthroat steelhead, S. eclarki, are rarely
captured even though they may be caught by
angling in many southeastern Alaska streams.

‘The eastern charr, Salvelinus fontinalis, like-
wise is chiefly estuarine. Doan (1948) says that
they descend Hayes River into Hudson Bay in
the autumn, and in the winter can be caught
through the ice at a distance of 7 or 8 miles out



176 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

from the shore. White (1942) says that some
wandered 8 or more miles from their home stream
and ascended other streams.
Category f (0).—Rarely or never in the sea.
Salvelinus oquassa, S. aureolus; Cristivomer
namaycush. '

Criterion 2.—Duration of stay in the sea.

Category a (10).—Entire life spent in thé sea
and intertidal zone. Oncorhynchus gorbuscha,
0. keta (intertidal populations).

Pink salmon, 0. gorbuscha, spawn successfully
in intertidal gravels in which the salinity in the
redds at high tide may reach a maximum of 30
parts per thousand (Hanavan and Skud, 1954).
Hanavan stated (personal communication) that
chums, 0. keta, also commonly spawn in intertidal
stream areas and live; and that well-developed
chum eggs were turned up several times while he
was digging in intertidal stream gravels.

Category b (9).—All young enter the sea im-
mediately after emerging as fry and remain
until mature. Oncorhynchus gorbuscha, O.
keta (upstream populations).

It is usually considered that pink- and chum-
salmon fry commence feeding after they reach the
sea, but there must be some doubt on this point.
Pink-salmon fry hatching over 250 miles from
the sea’ above the Hells Gate Canyon of the
Fraser have a long journey to reach the sea, and
presumably .would feed en route. The same
reasoning applies with more force to some popula-
tions of chum salmon. Gilbert and O’Malley
(1921) state that chums spawn as far as 2,000
miles up the Yukon. It would seem impossible
for the young to make their descent to the sea
without feeding. It is well known that chum-
salmon fry stocked in a lake will feed voraciously,

grow quickly, and furnish excellent fly fishing. In -

the Egegik River system, chum-salmon fingerlings
are reported (personal communication, George
J. Eicher, Jr.), which presupposes a long feeding
period in fresh water.

That pink-salmon fry do feed in fresh water,
even in short streams, is indicated by the observa-
tions of Chamberlain (1907), who states that a few
have been found to contain remains of insects,
larvae, and crustacea.

Category ¢ (8).—A high proportion of the young

descend to the sea before their first winter.
Oncorhynchus tshawytscha.

This category applies especially to the fall-
spawning king salmon. However, many young
kings, especially those hatching from spring-
running parents (which usually spawn far up-
stream) remain in the streams over winter before
descending as smolts. These latter populations
of kings more properly belong in the next category.

Category d (7).—Majority of young migrate

seaward following the first winter. Oncor-
hynchus tshawytscha, O. kisutch.

All young enter the sea with the exception of a
few precocious inales of O. tshawytscha that may
mature at a very small size in fresh water. This
applies both to the silver, 0. kisutch, arid the spring-
running king, O. tshawytscha. ~ A very small pro-
portion of the adult silvers taken in British
Columbia went to sea as fry, only 22 out of 6,312
fish aged (Pritchard 1940); 54 leftin their third
year, 2 left at some undetermined older age, and
all the rest left in their second year. This average
age of smolt migrants varies geographically. I
am informed (personal communication, George J.

Eicher, Jr.) that the average Bristol Bay silver

salmon matures in its fifth year and goes to sea
in its fourth, 1. e., at an age of 5, instead of the
predominant 3, found in Washington and British
Columbia fish.

Category e (6).—Majority of the young enter
the sea after their first winter, but some may
elect to remain in fresh water as residuals.
0. nerka.

These young sockeye of anadromous parentage
which elect to remain in fresh-water are pre-
dominantly males.

Category f (5).—The young normally enter the
sea after their first winter and remain there
until mature, but some may remain behind
in lakes as normal fresh-water residents.
Salmo salar. '

The anadromous form of S. salar apparently be-
comes easily adapted to an adfluvial existence
judging from successful rehabilitation of adfluvial
populations in New York State using eggs from
sea-run parents (Greeley 1955). This, of course,
does not mean that S. s. sebago may not differ
genetically from the present sea-run stocks, but it
does indicate that the transposition from sea-run
to adfluvial is relatively easy. - For the sockeye
placed in the preceding category the transposi-
tion is obviously more difficult, judging from the
differences between the kokanee, Oncorhynchus n.
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kennerlyi, and the residual sockeye in fresh water
which derive directly from sea-run stock. In this
category, as in all of the preceding categories, the
fish do not ordinarily reenter fresh water until
they return as adults on their spawning migration,
Category g (4).—The young enter the sea after
the first winter and usually remain at sea
until mature, which may take from 1 to 2 or
3 years. Salmo gairdneri, S. clarki.
Anadromy is optional and resident fresh-water
individuals occur in practically all streams with
anadromous stock. Whether there is any inheri-
table difference in those that develop at sea and
those remaining in fresh water has long been the
subject of much controversy. Neave (1944) be-
lieves that there are two strains of Salmo gairdneri
in the Cowichan River, British Columbia, one
anadromous and the other resident. However,
the existence of two strains of S. gairdneri in the
same waters may depend largely on there being a
sufficiently large lake in a stream system to en-
courage the development of an adfluvial strain.
Shapovalov and Taft (1954, p. 158) state,
While the salmon [O. kisutch] go to sea almost immediately,
some of the [young] steelhead remain for a whole season

in the lagoon or the lower portion of the stream, after
which some move out to sea, while others make an up-

stream migration and then a second downstream migra- .

tion. While most of the steelhead go to sea before ma-
turing, some fish of both sexes spawn before going to sea,
while still others complete their life cycles without going
to sea at all.

Briggs (1953) agrees with Neave that two types
of . 8. gairdneri occur in the same- streams, one
anadromous and the other permanently resident
in fresh water, basing his conclusions largely on
the idea of spatial isolation, since the smaller “rain-
bows” tend to spawn in smaller tributaries and
in shoaler water. No data are given on the age
or size of the fish he designated as rainbows.

Experiments to test the pure strain of “rain-
bow" trout that has been propagated for over 30
years at the Manchester, lowa, station of the U. S.
Fish and Wildlife Service (Ratledge and Cornell,
1953; Carbine 1953) showed absolutely no differ-
" ence in the migratory tendencies of the Manches-
ter strain compared to nonpure strains from other
stations.

Category h (3).—The majority of the young

enter the sea after the first winter, but some
remain in fresh water. A portion of the young

445841 0—58——2

that enter the sea may reenter fresh water
before maturity. Salmo clarki, 8. trutia.

Category 1 (2).—The ma]outv of the young

enter the sea after the first winter, but some
remain in fresh water. The young that enter
the sea normally return to the stream before
maturity, and may visit the sea more than
once before they attain maturity. Salvelinus
fontinalis, S. malma, S. alpinus.

The annual visit of a portion of the populatlon
to the sea is in the nature of a feeding migration.
The return migration (usually composed of both
immature and adult fish) is often made many
months before the spawning period and the adults
may continue to feed.

Wilder (1952) has definitely established that in
the Moser River, Nova Scotia, the sea trout and
fresh-water trout constitute one taxonomie unit.
He also found that a much larger proportion of the
fish migrated to sea from Mill Brook, which con-
tains a few shallow lakes, than from the main river,
which contains several decper, cooler lakes. This
agrees with the findings of White (1941), that
S. fontinalis moves downstream slowly at low tem-
peratures. With a temperature varying -between
0° and 5° C. from April 17 to 28, 1940, only 142
trout moved downstream and of these 36 reversed
their direction, while from April 29 to May 11 with
the water temperature varying from 5° to 11° C.
more than 700 trout descended and only 6 ascended
the stream. Wilder concludes that if descending
trout encounter cold bodies of water their tendency
to migrate is inhibited. This seems to indicate
that they are seeking cooler water. If they find
a cool lake they may remain instead of continuing
to the sea. This behavior is in accord with the
comparative upper-lethal-temperature tolerance
of S. fontinalis and other sa]mom(ls discussed in
a following section.

According to Bigelow and Schroeder (1953)
the eastern charr, S. fontinalis, on Cape Cod go
down to salt water in November immediately
after spawning and return in April, with all of
them being in brackish or fresh water by mid-May.
However, the same species in Nova Scotia ap-
parently behave in very similar fashion to the
Dolly Varden charr in central Alaska. White
(1940, p. 176) says,

Smolts, kelts, and nonmature large fish descend in May
and early June to the sea, to remain feeding in the estuary
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or near the shore. They began (1939) to ascend the river
in late June, and 93 percent of the “run’ was in July.
These trout agree with the loeal salmon in having
smolts that become silvery before migration and that are
2 or 3 years old. ‘Trout smolts and kelts remain in the sea
only about two months before returning to fresh water.

Salvelinus malma, the Dolly Varden charr,
usually descend to the sea in May and return in
July at Karluk, but in smaller streams, especially
those without lakes, I believe that both young and
adults may spend the winter in salt water. Thus
in Ketchikan Creek in southeastern Alaska I have
taken immature Salmo gairdneri by angling
throughout the winter in the deeper holes and log
jams but never saw a Dolly Varden. In the early
summer Dolly Varden of all sizes can be seen
entering the mouth of the creek in advance of the
salmon runs. Fred Cleaver (personal communi-
cation) quotes Robert Vincent of the Alaska De-
partment of Fisheries as saying that in 1956 on
Afognak Island Salvelinus malma entered Big
Kitoi Creek in the fall, spawned in mid-October,
and retreated to the sea before winter. It thus
would appear that the season and duration of
marine life for S. malma is dependent partially on
latitude (probably relative and actual sea and
strcam temperatures) and partially on the size and
physical characteristics of any particular stream,
since in small streams toward the north winter
survival may be difficult unless the stream con-
tains a deep, accessible lake.

Category j (0).—This last group comprises
species that seem to have become thoroughly
adapted to life in fresh water. Rarely, if ever,
does an individual visit the sea. Salvelinus
oquassa, S. aureolus; Cristivomer namaycush.

Criterion 3.- -State of maturity attained at sea.

Category a (10).—Maturity of gonads usually
. very advanced, often before the fish enter

fresh water. Oncorhynchux gorbuscha, O.
keta.
Category b (8).—Maturity of gonads advanced,
cas fish enter fresh water. Oncorhynchus

tshawytscha, O. keta.

This category applies to the fall-spawning king,
0. tshawytscha, and a few of the chums, 0. Leta
that make long migrations.

Category ¢ (6).—Gonads maturing as the up-

stream migration commences. Oncorhynchus
kisutch, spring-run 0. tshawytscha.

Category d (4).—Eggs usually not in advanced
stage of maturity when fish reach fresh
water. Oncorhynchus nerka; Salmo gairdneri,
S. salar, S. clark:i, S. trutta.

Egg maturation in fresh water may require a
few weeks to as long as several months. For
instance, over three-quarters .of the Quinault
Lake sockeye, (). nerke, reach the lake before July
7, and some start ascending the river as early as
January (Rounsefell and Kelez, 1938; p. 756)
vet thev spawn in the fall, after maturing their
eggs in the deep, cool waters of the lake. The
necessity for cool water in which to mature the
eggs may account for the fact that only sockeye
running late in the fall usually spawn in rivers
helow lakes, since the water temperatures below
the lakes in midsummer are rather high. Thus
the U. S. Bureau of Fisheries placed a weir across
the Ozette River, on the outer Washington coast
in 1926, to hold sockeye for the hatcheries, but
the fish, which practically all ascended the river
before July 1, could not survive holding in the
river, which derived its flow from the surface
waters of Ozette Lake. This stage includes the
sockeye, (). nerka, which is a lacustrine anadromous
form with smaller eggs than the four fluvial anad-
romous Oncorhynchus (Rounsefell 1957).

All of these fish move into streams on a spawn-
ing migration even though the gonads are seldom
in an advanced stage of maturity during this
migration. Thus in the Penobscot River adult
Salmo salar commence running in late April or
May but these early arrivals spawn, together
with those ascending later, in the late. autumn.

Category e (2).—Gonads may vary from im-

mature to slightly mature. The upstream
migration may include returning young as
well as adults and may bear no relation to
time of spawning. Salvelinus fontinalis, S.
-malma, S. alpinus.

Concerning S. malma, Evermann and Golds-
borough (1907, p. 266) observed the upstream
migration of Dolly Varden charr of all sizes at
Pablof Falls in Pablof Creek, Chichagof Island, on
July 25. They state that the ovaries * .
were quite small and immature, and this was
evidently not their spawning season.”

Category f (0).—No adults returning from the

sea. Salvelinus oquassa, S. aureolus; Cristi-
vomer namaycush.
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Criterion 4.—Spawning habits and habitat.

Category @ (10).—Spawn successfully in the
intertidal zone. Oneorhynchus gorbuscha, O.
keta.

Category b (7).—Spawn in streams where there
is lowing water. All species of Oncorhynchus
and Salmo; Salvelinus fontinalis, S. malma,
S. oquassa.

Cooper (1940), says of S. oquassa, the blueback.

charr, that “It was seldom seen except when
it entered streams in October to spawn.”

Category ¢ (3).—Lake spawners that construct
a spawning redd and bury their eggs in similar
fashion to the stream spawners. (Oncorhynchus
nerka; Salvelinus alpinus, S. fontinalis, S.
aureolus (?).

For S. awreolus the available information on
spawning (Bailey and Oliver, 1939) indicates that
they spawn on shallow reefs in Lake Sunapee
within the 10-foot contour. There is no infor-
mation as to whether they construct a redd as
do the other salmonids, with the exception of
" Cristivomer.

Category d (0).—Lake spawners that do not
construct a spawning redd. CYyistivomer na-
maycush.

This category differs from category ¢ in that the
spawning adaptation to fresh water is so complete,
and the urge to make an upstream spawning mi-
gration so completely lost, that the fish not only
spawn in the lakes, but do so without constructing
a redd (Royce 1951). Regarding the selection of
a spawning site Royce says (p. 66) that as the
fish make no attempt to bury the eggs, the bottom
must have crevices into which the eggs can roll,
and that the location of these suitable areas of
bottom in the lake is primarily determined by
currents or wave action which keep the bottom
swept clean. Quoting from Royce (pp. 68-70),

The writer has found no evidence that lake trout select
a lake bottom supplied with spring water for the deposition
of their eggs . . . . :

No nest or redd was built. The males spent their time
cruising along close to the bottom, occasionally giving the
stones a little fillip with their tails . . . . This activity
cleaned several hundred square feet of bottom . . . .

No tendency towards oviposition in any definite place
on the spawning area was observed. The trout mated at

random over the arca cleaned off, and there was no attempt.
by cither sex to bury the eggs . . . .
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There is apparently at least one race of Cristi-

vomer namaycush that is adfluvial. Dymond
(1926, p. 68) says,
It is said that there exists in Lake Nipigon a sort of lake
trout known locally as “black trout,” which ascends some
of the rivers, notably the Sturgeon river, at spawning time.
This form . . . seldom attaining more than four or five
pounds in weight. . . . It is a fact, however, that very
dark trout, all of medium size, do enter the Sturgeon river
at spawning time in large numbers. They also spawn
earlier than the trout which spawn in the lake, usually
heginning about September 20,

No mention is made of the spawning behavior

of this group of lake charr, so we can only assume
that they spawn without building a redd.

Criterion 5.—Mortality aftier spawning.

Category a (10).—All die soon after spawning,
including fresh-water stocks. All species of
Oncorhynchus.

Category b (5).—A few anadromous adults die
soon after spawning; subsequent survival of
the others is very low. Salmo salar, S.
gairdnert.

Category ¢ (0).—Spawning does not have a
drastic effect on survival. Salmo clarki, S.
trutta; all species of Salvelinus; Cristivomer
namaycush.

. Criterion 6.—Occurrence of fresh-water forms.

Category a (10).—No natural fresh-water pop-
ulations are known to exist. Oncorhynchus

© yorbuscha, 0. keta.

Category b (9)..—No natural fresh-water popu-
lations are known to exist, but adults will
mature and spawn in fresh water with very
limited success. Oncorhynchus tshawytscha.

Category ¢ (8).—Fresh-water populations are
rare. Oncorhynchus kisutch.

Category d (7).—Fresh-water form is common,
but young of anadromous stock remaining in
fresh water are chiefly males and differ from
fresh-water stock. Oncorhynchus nerka.

Category e (5)—Fresh-water forms are com-
mon; the voung of anadromous stock in
streams normally enter the sea with the ex-
ception of precocious males. Anadromous
stock will form normal adfluvial fresh-water
populations, but not fluvial populations.
Salmo salar.
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Category f (3).—Fresh-water forms are very
common, some of the young of anadromous
stock usually remain in streams forming flu-
vial populations. Salmo gairdnert, S. clarks,
S. trutta; Salvelinus malma, S. fontinalis, S.
alpinus.

Category ¢ (0).—No anadromous forms. Sal-
velinus oquasse, S. auwreolus; Cristivomer na-
maycush. )

It is of interest that when the species of Sal-
monidae are plotted (fig. 1) according to the six
criteria just considered (see also table 1), each of
the four genera occupies a distinet area in the
degree of anadromy exhibited.

TABLE 1.—Degrees of anadromy of normal populaiions of
North American Salmonidae

[According to six criterfa, pp. 175 to 179)

Subjective criterion— Degree
Genus and species of anad-
romy
1 2 3 4 5 6
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slag| 40 T 0 3| i
i
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alpinus_ - 3 (2, (2) .; g g 14
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FicurE 1.—Speeies of North American Salmonidae classi-
fied by degree of anadromy (based on table 1).

The fact that the four genera of North American
Salmonidae occupy successive positions in their
propensity toward anadromy may be of phyloge-
netic significance and should not be ignored in any
study of their interrelationships. .

RELATION OF ANADROMY TO LATITUDE

A rather interesting aspect of anadromy in the
North American Salmonidae is the effect of lati-
tude on the degree of anadromy. Different spe-
cies inhabit different ranges of latitude, but within
each species there seems to be a greater degree of
anadromy toward the north. Starting with the
lake charr, Cristivomer namaycush, we find that
the only records indicating this species may oc-
casionally visit the sea are for Ungava Bay in the
Arctic and Naknek River in Bristol Bay, Alaska.

The arctic or alpine charr, Saleclinus aipinus, is
known as the sea trout in the Arctie, where most
of the populations are anadromous. It has been
little studied on the Pacific coast, where it may
easily be confused with the Dolly Varden charr;
but in the Karluk River, it is lacustrine in habit,
only occasional individuals going to sea. On the
Atlantic coast also, toward the southern end of its
range, the anadromous form of S. alpinus is not
found, but there are fresh-water groups, such as
S. equassa, S. aureolus, and S. marstoni, that are
cither fresh-water counterparts of S. alpinus or
closely related forms.

For the eastern chatr, the northern populations
are also more anadromous, since in the southern
part of its natural range it is confined to the cooler
mountain streams of the southern Appalachians.
In New England, anadromous S. fontinelis occurs
in many rivers on Cape Cod and in Maine.
Farther norih, on Prince Edward Island and in
the southern drainage of Hudson Bay, a large
share of the populations visit the sea.

For the genus Salmo the evidence is not so
clear that latitude affects anadromy. Landlocked
S. salar occur in lakes in New England, New-
foundland, eastern Canada, and Labrador. That
is, the ranges of the landlocked and anadromous
forms are similar. The stecelhead cutthroat, S.
clarki, occurs only in the anadromous form in the
northern portion of its range in Alaska.

The fact that Salmo gairdneri and S. clarki have
anadromous populations far to the south of any
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anadromous populations of Salrelinus appears to
be related to their being definitely more southern
in general distribution and thus able to thrive in
waters too warm for Salvelinus. Salmo clarki does
not occur in western Alaska, and S. gairdneri
avoids the colder situations. Thus, S. gairdneri is
absent from the Egegik and Ugashik Rivers, the
coldest of the main Bristol Bay rivers (personal
communication, George J. Eicher, Jr.).

It is interesting to note that the kokanee,
Oncorhynchus nerka kennerlyi, is not recorded from
any of the Alaska sockeye lakes. It does occur
in Skilak Lake, in Cook Inlet (personal communi-
cation, George J. Eicher, Jr.).

The kokanee does occur in a number of the
Fraser and Columbia River lakes and even in
many of the coastal lakes, both on Vancouver
Island and in the Puget Sound region. This poses

ah interesting question, namely, What are the

factors in the environment which militate for or
against anadromy? One factor may be tempera-
ture. The salmonids as a group are cold-water
species. Those that live in the surface fresh
waters in the north must, farther south, spend the
summer months in the hypolimnion of the lakes,
In southern waters, they cannot exist in shallow
lakes that lack a thermocline or in deep lakes in
which the oxygen of the hypolimnion is largely
exhausted during the summer.,

Becausc in the southern part of their ranges
some species are unable to tolerate the surface
temperatures of the lakes in summer, any spring
migration from the lakes must take place before
summer stratification develops. There is much
variation among lakes in the date of the estab-
lishment of a thermocline and in the rapidity
with which it forms. Because of this circumstance
there is always the possibility of some young of a
normally anadromous fish being trapped in the
deeper waters of a lake at the time when they
should migrate seaward. Such occurrences not
uncommonly happen to anadromous sockeye
populations in the southern part of their range.

Whether the trapping of anadromous voung
by a thermocline has any bearing on the existence
of fresh-water forms of a species is not vet fully
proved; undoubtedly it favors the existence of
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the residual form of the sockeye discussed by
Ricker (1938), but whether these residual popula-
tions are the potential progenitors of landlocked
forms is uncertain. Ricker points out that such
an origin for the kokanees is not only possible but
highly probable. He shows several respects in
which the kokanees differ from the residuals, one
of the most significant being that of their resistance
to certain fresh-water parasites. This resistance
must be of genetic origin, but if it can be estab-
lished by selection, rather than mutation, there
is no reason to doubt that the kokanee may have
originated independently in many different local-
ities. '

RELATION OF ANADROMY TO LETHAL
TEMPERATURES

The temperature tolerance of young Salmonidae
bears an interesting and significant relation both
to the degree of anadromy exhibited by the various
species and to special adaptations in their life
histories. Table 2 and figure 2 show the upper
lethal stream temperatures for the young of several
species. The data for Oncorhynchus (except ken-
nerlyi) are from Brett (1952, p. 305) and the
temperatures for the other species have been
estimated either by the difference in their regres-
sion lines from that of 0. keta in figure 26 of Brett
(taken from Fry, 1947) at 1,000 minutes, or from
Black (1953). ' '

TaBLE 2.—Upper lethal temperatures for young Salmonidae
in fresh waler

Ultimate ‘Estimated
Genus and species upper lethal | upper lethal
tempera- tempera-
ture ® C) 1| ture ° C)
Cristivomer: nameayeush_ ... . |ecoeieoo- 2232
Salvelinue: fonlinalis. .. ... . | 2242
Salmo: .
St BossSHION 12
airdneri kamloops_ ... .. .. .. .. |oiieeeiaooo. 3
s”alar-_.......'_ ____________________________________________ 226.1
Oncorhynchus: i
tshawylscha_ ... .| B oo
kisutch
nerka._...
nerka kennerly
gorbuschae
2 £ R

| From Brett (1952, p, 305). .

2 Derived from figure 26, Brett 1952 (after Fry, 1947) by temperature differ-
ence in regression lines at 1,000 minutes from regression line for 0. keta. .

1 From Black (1953); represents total mortality in 24 hours for fish aceli-
mated at 11° C. ]

1 Estimated from Black (1953) as heing 0.5° C. lower for 11° C. acclimation
temperature and 50%, morta ity in 24 hours than for O. nerka, as shown in
figure 6 of Brett (1952).
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Firaure 2.—The upper lethal temperatures for the young
of certain species of North American Salmonidae in
fresh water. (Temperature in degrees Centigrade.)

In those Salmonidae with the lowest upper-
temperature limits, Cristivomer nemaycush, On-
corhynchus keta, and O. gorbuscha, the young stay
in cool water. In Cristivomer this is accomplished
by keeping in the cool stratum of the lakes, which
means retreating to the hypolimnion during
summer, especially in more southerly latitudes.
In Oncorhynchus gorbuscha and 0. keta the young
emerge from the redds quite early in the spring
and immediately descend to the sea, thus aveiding
high, summer stream temperatures.

It will be noted that although O. nerke exhibits
a lower degree of anadromy than kisutch or tshawy-
tscha (fig. 1), the young of nerka have distinctly
the lower upper-temperature tolerance. This
intolerance to higher temperatures fits in with the
fact that nerka is lacustrine anadromous rather
than fluvial anadromous: the young upon emerging

from stream redds seek a nursery lake in which to

grow. Only lakes that are temperature stratified

in summer support runs of nerke in its southern -

range. In the few instances in which young
sockeye do not enter a lake, such as the stock
spawning in Harrison Rapids in the Fraser River
system or the ‘creek’” sockeye found in a few
British Columbia streams, the young descend to
the sea as fry after the manner of keta and gor-
buscha. .

The young of Oncorhynchus kisutch and O.
tshawytscha have a much-higher temperature
tolerance than the other members of the genus, as
the young of kisutch and a fair proportion of those
of tshawytscha live in the streams during the
summer months. '

These differences in tolerance of the four fluvial
anadromous species of Oncorhynchus are reflected

in the southern limits of their ranges.

rey. However,
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For in-
stance, Snyder (1931, p. 16) says,

Besides the king salmon, three other species enter
Klamath River to spawn, namely, the silver salmon
(Oncorhynchus kisutch), the humpback (0. gorbuscha) and
the dog salmon (0. keta). The humpback and dog salmon
are seldom seen and the fishermen are not familiar with
them. The silver salmon occur in large nunbers, the mi-
gration being later than that of the king salmon.

The king salmon is abundant as far south as
the Sacramento River, and the silver salmon
occurs in smaller coastal streams south to Monte-
the steelhead rainbow, Salmo
gairdneri, regularly inhabits the coastal streams
of southern California—Shapovalov and Taft
(1954) say from the United States—-Mexico bound-
ary, or possibly even from Baja California north-
ward. This is in keeping with the upper lethal
temperatures for the young of Salmo salar, S.

. trutta, and S. gairdneri kamloops—all of which are

higher than for any species of the other genera.

The anadromous cutthroat, Salmo clarki, accord-
ing to Snyder (1940), ranges only as far south as
Mad River, north of San Francisco. DeWitt
(1954) has extended this range slightly, to the Eel
River. This suggests that the upper lethal
temperature for the young of clarki may be some-
what lower than for the young of S. gairdneri.

-Since the tolerance for the anadromous 0. nerka is

higher than for the adfluvial O. nerka kennerly,
it is probable that the upper lethal temperature
for anadromous S. gairdneri may similarly be
higher than for the adfluvial S. gairdneri kamloops.

Brett’s regression curve (1952; fig. 26) for Salve-
linus fontinalis did not parallel regression curves
for the other species, in that it had a steeper slope.
Therefore, the upper lethal limit could not be
obtained with the same degree of assurance.
However, the relative position of S. fontinalis is
undoubtedly correct, since it cannot tolerate mid-
summer temperatures in the main portions of many
streams thickly populated with the parr of Salmo
salar. In such situations fontinalis seeks the
cooler, spring-fed tributaries.

The lower limits of lethal temperatures are not
so well defined as the upper, but in general there
must be some correspondence between them. The
only species of Oncorhynchus in the Arctic Ocean
are gorbuscha and keta. Thus Dymond (1940)
records both gorbuscha and keta from the mouth
of the Mackenzie River. He mentions a notable
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run of keta, some weighing 20 to 25 pounds, in
the Mackenzie in 1914, and in 1930 one was
captured 5 miles below Fort Smith in the Slave
River, tributary to the Mackenzie. Kennedy
(1956) reports a chum salmon taken in Great
Slave Lake. Dymond also mentions that Borisov
(1928) notes a chum salmon taken in the Lena
River of northern Siberia.

That members of the genus Salmo cannot
tolerate as cold situations as the other genera is
indicated by their comparative distribution. On
the Pacific coast, S. clarki does not extend beyond
southeastern Alaska and S. gairdneri is absent
from the colder rivers of Bristol Bay.

On the eastern side of the continent, Selvelinus
alpinus extends to Baffin Island, but Salmo salar
only to the Koksoak River in Ungava Bay (Dunbar
and Hildebrand, 1952) and in very small numbers
in west Greenland.

A most significant feature of the lethal tempera-
ture limits found in the various species is the
manner in which these limits affect the life
histories. For instance, it has already been noted
that Salvelinus alpinus, S. fontinalis, and S. malma
are all regular visitors to the sea in the northern
part of their ranges, but toward the southern end
their low upper-temperature tolerance confines
them to the cooler waters found at higher altitudes.

SUMMARY

The Salmonidae are very plastic and exhibit all
degrees of anadromy. Six criteria have been used
to classify them according to degree of anadromy.
(1) Extent of migrations in the sea, (2) duration
of stay in the sea, (3) state of maturity attained
at sea, (4) spawning habits and habitat, (5) mor-
tality after spawning, and (6) occurrence of
fresh-water forms.

Gaging the degreec of anadromy by these
criteria, each of the four genera occupies a different
position. Onecorhynchus is the most anadromous,
following in decreasing degree by Salmo, Salvelinus,
and Cristivomer.

In general, within a species the degree of
anadromy is greater toward the northern end of the
species’ range.

The length of time the young of several species
are exposed to high stream temperatures is closely
related to their upper-lethal-temperature toler-
ance. This is reflected both in the short stream
life of species of lower tolerance to temperature

and in the more southerly distribution (except at
high altitudes) of Salmo and the two species of
Oncorhynchus—tshawytscha and kisutch—species
which show greater temperature tolerance.
Species with the lowest upper-lethal-tempera-
ture tolerance probably have also the lowest lower-
lethal-temperature tolerance, since they range
farther north—Oncorhynchus gorbuscha and O. keta
into the Arctic Ocean, Salvelinus alpinus in Baffin
Island, and Cristivomer in deep Arctic lakes.
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